Introduction

9
Along with energy, shelter and food, access to a source of fresh clean drinking water is essential 10 to all life on earth. Today, the over-exploitation of existing fresh water supplies along with the 11 increasing demand of water for drinking, agriculture and industry is generating a critical 
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Although desalination technology has progressed rapidly, the technology itself is still imperfect.
1
Despite best efforts desalination is costly and largely inefficient. The desalination process 2 requires a huge amount of pressure or heat to separate the water from the salt and other 3 impurities, which in turn requires energy and therefore money. Large quantities of concentrated 4 brine are produced and need to be disposed of (Ahmad and Williams, 2011 ) and the desalination 5 process is also considered to be detrimental in terms of environmental impact and cost
6
(Karagiannis & Soldatos, 2008; Ghaffour et al., 2013) . Therefore, selection of the most 7 appropriate process to be used and optimisation is vital for successful desalination operations. In this paper a hybrid RO-Freeze technology process will be considered for the purposes of 1. The water sample (seawater) is partially frozen.
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2. The ice crystals generated are separated from the remaining liquids. 3. The ice crystals are melted to yield clean water and the residue liquid (brine) is disposed.
19
The Freeze process and Freeze technologies have been extensively reviewed in two recent papers 20 (Williams et al., 2015; Randall and Nathoo, 2015) and from an industrial separations viewpoint,
21
Freeze technology has a number of important advantages: Panreac, Spain) into a known mass of deionised water (produced by UV water purification 14 system, Direct-Q3, Trade Name: Direct-Q). In addition to this, two different sources of process 15 brine were used and tested individually as feed-samples. The examined process brines were:
16
Arabian Gulf (AG) seawater (4.9 wt% by weight of dissolved salt) and reject brine (6 wt% by 17 weight of dissolved salt), produced from a Reverse Osmosis (RO) membrane desalination plant.
18
The AG seawater and RO Brine were collected from the feed stream and reject brine discharge 
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In addition, the measurements of running time, residue temperature, HTM operating temperature system is used to avoid ice encasing the main components and pipelines of the unit. The pilot 5 plant also contains other equipment, such as a feed pump (YSV-400) and an external wash 6 pressure system (P-225); however, these items of equipment were not used in these experiments.
7
For identification purposes, tag numbers were given to equipment items in order to identify them The trial tests were limited in run number and time to only achieve the objectives of this study 2 and a summary of the experimental data is presented in Table 1 . For clarification, performance feed water used in sub-run a-1 is slightly higher than that in sub-run a-2. This is due to the and negative operating conditions, the pilot produced saline water of near brackish water quality.
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With regard to deterioration in the performance of the pilot plant, further investigation was 20 carried out in sub-run b-2 to check whether this limitation occurred due to process optimisation 21 or other factors, this will be discussed later. In general, the total results from run 1 for the final 22 product were very encouraging with the pilot plant producing a final product of near drinking 23 water standards in terms of TDS.
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For run 2, the performance of the pilot plant was monitored over an operational period of 4.77 26 hours. Figure 5 shows the operating and performance parameters for the pilot plant versus 27 running time. Figure 5a shows that the start-point temperature of the crystallisation and operating 28 residue were -11.3°C and -4.6°C, respectively; while the end-point temperature of the until the end of the test. The average product flowrate was 7.41 kg/h as shown in Table 1 .
7
During the course of operation, final product water samples were periodically collected from the 8 melting loop for chemical analysis. Figure 5d shows that the maximum and minimum TDS value remain in the product water, this will not represent an obstacle that could negatively affect the 22 commercial application as the levels observed in Table 1 the freeze process will easily cope with the change in brine concentration expected at higher 13 recovery ratios. with RO product (see Table 2 ), these concentrations are still within accepted limits and are 27 comparable with international standards for drinking and bottled waters as shown in Table 4 .
28 Table 4 In order to increase the permeate water recovery ratio, the operating temperature of the residue 12 can be reduced down to -15°C, so long as the eutectic point is still far away from the residue made to improve the quality of product water by optimising the key operating parameters.
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Unfortunately, all these attempts failed to improve the product quality. In fact, this phenomenon experiments. However, there is a sign of precipitation of salts composed of (SO4) 2-and Na
since the percentage losses in their ionic concentration are 9.09 and 33.11% respectively (see 9   Table 2 ). for chemical analysis in this study, as the remaining ice crystals could not be separated from the 23 operating residue. However, the operating residue will be considered as the final residue for 24 industrial applications, because commercial plant will be equipped with a filtration system which 25 enables recovery of the remaining ice crystals from the crystalliser. According to Sulzer, two 26 possible scenarios for recovering the remaining ice crystals from the crystalliser can be applied.
27
The first scenario is to remove the ice crystals and operating residue from the crystalliser and 28 separate by filtration. The ice crystals can then be purified and recovered via a wash column unit.
29
The second scenario is to remove the operating residue from the crystalliser leaving the ice 30 crystals behind using a filtration system. This means that the remaining ice crystals will be mixed with the incoming feed water in the crystalliser before starting the subsequent freezing stage.
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This step helps by either diluting the incoming feed water and simultaneously decreasing the 2 incoming feed temperature (when the incoming feed temperature is higher than its freezing 3 point), which will result in an increase in the permeate water recovery ratio compared to the 4 previous stage as the feed concentration will be reduced, or will help maintain the crystal slurry 5 ratio at 30 wt% inside the crystallization loop when the temperature of the incoming feed reaches 6 its freezing point. The first scenario might be more feasible for desalting and concentrating RO 7 retentate (brines) due to the increased total permeate water recovery ratio and simultaneous 8 reduction in the waste stream (as far as possible). However, the economic aspects (i.e. capital 9 cost and energy consumption), process simplicity and reliability must be taken into consideration 10 to determine which scenario is the most suitable for desalination applications.
12
The product water recovery ratios for the pilot plant were theoretically computed at different 13 temperatures of operating residue. These analytical calculations were performed on different 14 saline waters, such as ocean seawater, Arabian Gulf seawater, and Reverse Osmosis (RO) brine.
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For simplification, several assumptions were considered in these analytical calculations, namely;
16
(i) the TDS value of product water was assumed to be 111 ppm as found in the experimental run 17 2 (see Table 1 ); (ii) The mass of feed was assumed to be 86.832 kg, i.e. the same as that in 18 experimental run 2 (see Table 1 ); (iii) The TDS value of feed is constant, which is dependent on a water recovery ratio of 53% was obtained from the experimental graph as shown in Figure 6 .
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The TDS value of the product water was 111 ppm (i.e. mass percent of 0.01%) according to run 22 2 results (see Table 1 ), whereas the volume flow-rate of product was determined by the water for feed salt concentration, product water, and residue (concentrated brine) are 6.1%, 0.01%, and International symposium on water desalination, 3-9 October, Washington D. C., USA. (adapted from a screen shot of the software control system). 
